INTRODUCTION
The output power of renewable energy source, such as a wind power and Photovoltaic power, varies intermittently depending on weather conditions. Also timing discrepancy occurs between the power generation and the power demand. In order to eliminate this weak point, a battery energy storage, which is composed of power converter and battery, is provided rapidly. [1-2].
The power converter for battery energy storage regulates the battery charging and discharging current, and controls the active and reactive current flowing into or from the grid. The power converter for battery energy storage requires high performance, high efficiency, and small size. It also requires electrical isolation between the AC side and battery side for safety purpose [3] [4] [5] .
The power converter for battery energy storage can be designed with various topologies according to the power rating, performance, efficiency and safety. The simplest topology can be designed with a PWM converter and 3-phase transformer, in which the modulation index of PWM converter is controlled according to the voltage variation of battery.
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In order to reduce the switching loss, many researchers propose replacing the hard-switching DC-DC converter with a soft-switching one [6] [7] [8] [9] [10] . However, careful attention should be paid to the resonant problem and harmonics generation. This paper proposes a DC-DC converter which consists of LLC Half-Bridge resonant converter and hybrid-switching 2-quadrant chopper to improve system efficiency, power quality and power density, and to reduce the system size. Simulation model was developed to analyze the whole system operation. Based on simulation results, a 10kW hardware prototype was built and tested to confirm the hardware implementation.
II.

PROPOSED POWER CONVERTER
The power converter for battery energy storage can be simply designed with a PWM converter with 3-phase transformer. This converter has simple structure and high efficiency. However, the harmonic level increases when the modulation index is low. The operation range of battery voltage is narrow, and the flexibility of current control is low.
In order to solve these weak points, a DC-DC converter was inserted between the 3-phase PWM converter and the battery as shown in Fig l(a) . The PWM converter maintains the DC link voltage constant, and the DC-DC converter controls the charging and discharging battery current. In order to solve these weak points, a DC-DC converter was inserted between the 3-phase PWM converter and the battery as shown in Fig l(a) . The PWM converter maintains the DC link voltage constant, and the DC-DC converter controls the charging and discharging battery current.
This converter has wide range of current control which offers independent control of AC current and the battery charging and discharging current. Also, harmonic reduction is possible. However, the system efficiency is low and the system size is bulky due to inserting one more stage.
In order to eliminate these weak points, many researchers propose replacing the non-isolated hard-switching converter with an isolated soft-switching converter, and the line frequency transformer with the coupling reactors as shown in Fig. l(b) . A typical soft-switching converter is an active clamp converter, which has rather higher switching loss [10] . The PWM inverter controls the active power and the DC link voltage, while the hybrid-switching DC-DC converter controls the charging and discharging current through the battery. The LLC resonant converter operates with a fixed duty ratio. The proposed DC-DC converter offers electrical isolation between battery and AC source, higher efficiency with soft switching in LLC resonant converter and hybrid switching in 2-quadrant chopper.
III. LLC RESONANT CONVERTER
The DC-DC converter for battery charging and discharging requires highly efficient power conversion through isolated high-frequency transformer, reliable power transfer regardless battery voltage variation, and stable power control. Also reduction of physical size is a key issue, which can be implemented by the isolated high-frequency transformer.
In this paper LLC resonant converter was selected among all the soft-switching resonant converters. The LLC resonant converter transfers power with high efficiency through resonant phenomenon. The LLC resonant converter can operate in ZVS and ZCS mode. It does not require connecting an additional inductance for resonant. Also, it has narrow variation in operation frequency regardless the load variation. In mode 1, switch SaH turns on, while switch SaL turns off. The primary current flows the PET switch SaH, the magnetizing inductance Lp, and the DC capacitor Cdc. This current induce the secondary current which flows from the magnetizing inductance Ls, the resonant capacitance Cr, the PET switch SaL, and the leakage inductance Lr as shown in Fig. 3(a) . The source power in primary side is transferred to the secondary side, and the resonant capacitor Cr is charged.
In mode 2, both switches SaH and SaL turn off. The secondary current flows through the resonant capacitor Cr, the diode in switch SbL, the leakage inductance Lr, and the magnetizing inductance Ls as shown in Fig 3(b) . No power transfer occurs during this mode. As the current through SaH turns off and the secondary current starts to flow through diode in SaL, ZVS occurs in SaL. The energy in resonant capacitor Cr discharges.
In mode 3, switch SaH turns off and switch SaL turns on. The primary current flows through the DC capacitor Cdc, the magnetizing inductance Lp, and the FET switch SaL. This current induce the secondary current which flows from the magnetizing inductance Ls, the leakage inductance Lr, the diode in switch SbH, and the resonant capacitance Cr as shown in Fig. 3(c) . The source power in primary side is transferred to the secondary side, and the resonant capacitor Cr is charged.
In mode 4, both switches SaH and SaL turn off. The secondary current flows through the leakage inductance Lr, the diode in switch SbH, the resonant capacitance Cr, and the magnetizing inductance Ls as shown in Fig 3(d) . No power transfer occurs during this mode. As the current through SaL turns off and the secondary current starts to flow through diode in SbH, ZVS occurs in SbH. The energy in resonant capacitor Cr discharges.
IV. HYBRID SWITCHING CHOPPER
Considering high efficiency and simple control, the LLC resonant converter operates with constant duty ratio and the 2-quadrant chopper operates in hybrid switching scheme. Generally, IGBT has good performance in turn-on and conduction, while FET has good performance in turn-off. The IGBT tail current during the turn-off period can be removed by hybrid switching, which offers reduction of the switching loss. Fig 4 shows gating pulses for hybrid switching of 2-quadrant chopper. The shunt-connected FET removes the IGBT tail current during turn-off period. Since the FET is only involved in turn-off period, the duration of gating pulse is about 2us and the instant current rating is about 3 or 4 times normal rating. Also, the switching loss can be reduced about 1-2%.
In case of charging, the IGBT switch for charging turns on while the FET for charging remains off-state in Fig. 5(a) . The IGBT switch for charging turns off 2us ahead the original turn-off instance. The FET turns on right before the turn-off instance of IGBT in Fig. 5(b) . In case of discharging, the IGBT switch for discharging turns on, while the FET for discharging remains off-state in Fig 5(c) . The IGBT for discharging turns off 2us ahead the original turn-off instance. The FET turns on right before the turn-off instance of IGBT in Fig. 5(d) . Scharge5ET I Maximum 2us I 
SIMULATION ANALYSIS
The performance of proposed power converter for battery energy storage was verified by simulations with PSCADIEMTDC. The system parameters of proposed power converter are described in Table 1 , while the circuit parameters for DC-DC converter are described in Table 2 . O.13uF
C, C2 4uF
Primary Leakage inductance 25.15uH Fig. 6 shows the simulation results to verify the operation of grid-tied inverter. Fig. 6(a) shows the phase-A voltage and current, and the DC link voltage during charging mode. The input voltage is in phase with the input current, which means that the power factor correction is properly operated. And the DC link voltage is maintained as a constant value of 700V. Fig. 6(b) shows the phase-A voltage and current, and the DC link voltage during discharging mode. The input voltage is 180 degree out phase with the input current, which means that the polarity of input current is negative during discharging. And the DC link voltage is maintained as a constant value of 700V. So, it is clear that the grid-tied inverter can operates properly under accurate charging and discharging control. 
VI. HARDW ARE EXPERIMENT
Based on the simulation results a lOkW hardware prototype of power converter for battery energy storage was built with commercially available components as shown in Fig. 9 . And the prototype was connected to the 3-phase 380V line voltage and coupled with the lead-acid battery for charging and discharging experiments. Fig. 12(a) shows the voltage and current waveforms of IGBT and FET, which confIrms the hybrid switching operation. The switching frequency can be raised up to 50kHz without any problem even though measured at 25KHz. Fig. 13 shows the measured effIciency of proposed power converter for battery energy storage with respect to the battery output power according to the charging and discharging operation. Generally the efficiency of power converter rises as the output power goes up. In the rated power of lOkW, the effIciency is about 92.5% in discharging and 92% in discharging. The partial efficiency of proposed soft-switching DC-DC converter is shown by 96% in charging mode, which is rather higher than the effIciency of the acti ve-cIamped DC DC converter. 
VII. CONCLUSION
In this paper a new grid-tied power converter for battery energy storage was proposed, which consists of a PWM inverter and a 2-stage DC-DC converter. The 2-stage converter is composed of an LLC resonant converter connected in cascade with a 2-quadrant hybrid-switching chopper. The LLC resonant converter operates in constant duty ratio, while the 2-quadrant hybrid-switching chopper operates in variable duty ratio for voltage regulation.
The operation of proposed system was verified through computer simulations. Based on computer simulations, a hardware prototype was built and tested to confIrm the technical feasibility of proposed system. The proposed system could have relatively higher efficiency and smaller size than the existing system.
